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Sllmmal’y

‘I)l)c (;assilli  S])mmlft, wil l  S()()JI  jmll’ll(y  1!()  Satlll’11  to JK!rforl)l a Clos(’-llp  Stlll(ly of tllc Satlllr

]Iiall  S~SiCJll;  its ril)gs, 1 1 1 0 0 1 1 s ,  I1la  F;ll Cto-S])]l(!l’(:,  and tjllc  ])lalld ifjsclf.  SCqllcllccs  of Collllllallds

w i l  I lw sc]lt 1)()  tllc spa(mraft  l)y groul](] ]msolIII(:l  to (:0111101 cwly as]w(:t of tllc I I I issioli. ‘1’o

~,;l]icl~~t,~  ~1,11(1  \J~ljf\T  t,]l~sc ~O]))]l)alld  S(:[]11(:11(:(:S,  ii l)it-lcvc],  IIigll-sjxd  sillllllator (11SS) lIas

1)(:(,11  (lci’clo])d.  ‘1’lIc  1 1 S S  i s  cx]m:tc(l to IUII at SCVCII  til]l(:s  tlI( sj)ccd of 111(~ adual IIadwaw

alI(l  w i l l  tll  IUS a l l o w  tIIII(: k) fix ])ml)lclIIs  111 1)11(’  s(xjucl  I(w lwforc  t>llcy  al’{:  Upl(mdd  11()  t] I(!

sj)awcraft.  ‘1’() II)axilnizc  ])(:lfOllI-)aIIc(:,  tlI(:  11SS is  illl])l(:lll(lltl((l  wit]l l~lulti])l(:  tllr(m(]s and

I’lll  IS  011  a IIllllt!i]  )l’occssol’”  Systclll. A kc-y cOIII])OII(III°  of tlI(~ 11SS is tll(: SCII(XIUIU, w]licll  col I-

lro]s  tlIc  cx(x:utioll  of illc sill) ulator. ‘l)l,(.  g(,]lml  I-ralllcwork of I,llc SCIIC(IIIIC1’  call I )(’ ada])t!c(l

to solve a wi(]c variety of s(:ll(xlulillg  ]) Iwl)lcIIIs. ‘1’11(:  dl(:llit(:c.t(ll(:  of tlIc  sclI(xlul(~I  is l)r(wIItcd

first,  follow(d  l)y a (Iiscussioll  of issues related 1,() ])crforlllalicc  aTI(l l)lulti])l(; tlIr(ads.  SecoIId,

1)1 IC aioi(lall(c  o f  (lcadlocks  alId law colldiiliolls is  (Iiscuss(xl  alI(l al I illforltlal  ])roof” for tlIc

al)s(’l Ic.c of 1)01111  ill tlIc  sc.ll(xlulcr  is (l(:scril)cd. ‘1’llir(l,  a stu(l~) of vario(ls  s(:llc(lulillg ])olicics

is ])r(n’i(lc(l.  l“illally,  cxpcril]lclltal  results  of III(’  scll(xlulcr  using  froll]  (nit to four  t)]] rca(ls  01 I

two all(l folll”  ])roc(!ssors is ])1’CS(!lltCd.

Key M70rds  - dmdlod, 113111tli])lc){essillg,  Illl]liitflllc:a(l(:{l,  ol)j(’(t-c)licllt  (:{l, scllcduli  IIg l)olicy,

sit])  (llatlioll.



1 lntrocluct)ion

Al) iIItcIIIatioII:Il  m)dcavo] iIIVOlViIIg;  tlI(:  NatioIIal  AcIOIIaIIti(:  a]l(l S])acc Ag(]l(:j (NASA),  t,ll(:

l;uro])(aTI S])acc Agpicy,  a])d tl)c  ILaliall  S])acc Ap;cIl(:y  i s  dcvclo])i]],g;  tlIc  (;assilli  s]mcccraft

to l(aIII  ItIom al)oui SailUrJi’S  atII]os])l)(Hc, IIlagll(’ti(  ficl(l,  rings, al)d 11)()  ()1}s. [I])lik(:  III(

\~ovag(m  tlIi Il, f l e w  l)ast  Satllrll  o]] t,l)cir mJay ollt of III(  s o l a r  syst,(III,  (;assilli’s  ]Ilissio]l  i s

a folll’-  -y(’al’, c1OS(:-U])  study  of tllic Satur)l  iall  SyStlCI  II. Scll(xl[llc(l  to lal]l}(ll  ill ()(t()l)cl  1997 ,

il)c  l))issioll  K])rcm)tjs  a raw o])]) o]tlullity  to gai]l sigllifi  (al){ insights  into IIli]jor s(i(’lltifi(

ql](xtiolls  al)(mt,  t)l IC crcaticnl  of tlllc  solar  sysh

( A  (ldailc(l  dcs(:ripti(nl  of ihc s])a(xmaft  and  i

IIOIIIC  l)agc: lltlt]):/w~\k\.j] )l.1121sa.go~/cassilli/)

I and tllc (’011(1

s  Illissio]l  cal I

tioIIs tlIat  lcd to life ()]1 l’kITtl I.

)C fo~lll(l  at tlic iYASA (;assi]li

l)uril)~  (hssi]li’s  ]Ilissio]), scqucl)c,m  of m]l]l])all(ls  lvill  1)(: scllt  to tllc Sl)ac,ccrafl I)y groull(:l

Collt  1’01  pcl’sollllc]  . ltacll  scquc]Icc  illstru(tioli  w i l l  direct  tlIc sj)acccraf’tl  k) ])mfoIIII  solII(”

o])r]alio]l  sucl I as firil]g  a il)rustlcr  or scll(lillg a Colltl’ol” COIll  11 Iall[l  to Ollc  of {11(: 011- I)oald

Sci(’l)t,ifi(:  illsf]lllll(:llt,s. ‘l\) validalc and  verify tl](w COIIIIIIal  Id scq[Icl  Iccs,  a “l) i t - level” ]lip;lr-

s1)(Yx1 sillllllat,or  (11SS) l)as 1)(:(:11 dcvdo])d. ‘1’11(’ 11SS is cxl)(x:t,(:(l  to ]1111  at scv(JII  ti]llcs  tll(:

sl)(Yd of iltc act,  ual l]ardwarc  altd will t,l)us allow ij]llc  10 {(:st  tll(’ s(:qu(:]](ws  aIId fix l) Iol)l(~]IIs

i  II tll ICII) l)cforc  tl)cy  arc ul)loadd  to tlIc  s])a(:ccraft.

‘1’JI(’  1 1 S S  ])rovidcs  lnodc]s  of cad) of tllc  tfllirtyollc  data  s~Ist(vII  IIardwalr cOIII]N)II(JIIIS

()]1 III(:  s])ac(xraft,.  ltxal Ill)lcs  d IIardwal(:  co]i)])oll(:llls  illclu(l(’: 1,11(:  1 750a c(:llt,ral  ])roccssil)g

Illlit,  tl]c  illtlclcc)lll  ll)lllli(;  ~tioll  1)11s,  I,llc licc(l-Sololt  IOIl dow]lli]lkj  aII(l t,l I(: solid st, atlr (lata

r(xY)rd(:I.  ‘J’IIc 11SS is i]nl)lc]ncllt(x]  as a ‘(l)it-l(:vc],  ” sofl,lvalr- o]Ily sil rlulat,or (lcril’c(l  (Iir(xlly

flo]]l tlI(:  IIadwa]r  sl)ccificatlio]]s. ‘I’l Iat is, tl)(: tjllirty-oll(>  11SS lI)odcls arc actually llald~trar(~

cl] II Ilat,oIx for i,l Ic Cassi]li  sl)acccraft,  data systcIIIs. lkx:allsc  tllc Cllllllat!()]’  1 II()(lcls al”(: l)it-1cv(’1

l(:l)l(~s(:lltlatiolls  of {,1 Ic actual  lIarcIwarc, tlIc IISS (lircctly  cx(xlllcs  t,l I(: flight, sof(walc t,]lai  is

10 1)(: loadc(l  0 1 1  t!llc S])amraft.

()]1(’  of tll(: key CX)]ltrol  collll)olIcl)ts  ill {,11(:  11SS is t,ll(:  scllc(llllcr,  wllos(: task is {,() SCIICdIllC
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tile rx(x:utioII  of II I()(lcls  so as to II)illill)izc cxccIliio  II tilllc wllilc  l{cc])illg  tlIc  ]IIodcls  sy]lclllc)-

IIim(l with OIIc allotlllcr. ‘j’() Illcctl  its goal of al I cxc(utiiol)  s])(xxl  of smell  till)(:s  tll(: actual

llar(lwarc, t,l)c Cassi]li  11SS is i] II])lc:III(:])t(  I(l wjtl]l ll)ultli])l(~ tllr(:a(ls tl]lat rul) 011 IIl(lltij)l(:  ])ro-

[:(!ss01’s. ‘] ’IIus, {])(: sc]lcdulcr  ]llust  II I; IIIZIF;C  IIow “tlllca(ls”  (X( X:UIC  ca(.11 of  tllc tllirty-ollc

l]ar(lwam cll)ul atom. liac.c  co])ditlio]]s  alId (Icadlock ar(, l)otclllial  ])rol)lcllls will) ally ])al-

allcl ])1’ogralll. ‘1’llc 11SS scl)duler  IIas il)(:  additliollal  goals of l)(:ill~  ])loval)]y fl(c of ra(c

coll(lit)iol)s”  all(] dm(llocks.

‘1’llis  ])a])cr (I(:scril)cs  t,l)c dcsigll all(l dCVClO])J]](:l)tj  of a g(:ll(:l?ll-])llll)  os(:, IIlllllit,lll(ti(l(:(l

s(II(xIII1(*I  tllatl IIas l)igl) ])crforlllallcc  a]ld js ])mval)]y free of race co]tditio]]s  alId dca(llocks.

III a(l(litiol),  i,l)c sclcct$ioll  of a  scllcdulillg  l)clllisti(  i s  (I(:s(lil)(d  all(l cx])(:IjIIIcIItal  rcsul{s

arc l)]ovi(lcd  to illust,ratjc  tllc scalal)ilitjy  o f  tlic  sclI(dIIlcr  a s tllc IIullll)(’r  of t i l l ’ ( z l d s  alll:l

]) IWCSSOIS  i s  i]lcrcasd. Altllougll  this ])a])cr focuses 011 tllc (;assilli  IISS scli(dulcr,  tlllc

fral])m’ork dcscrild  lIcrc  ca]I k easi ly a])])licd  to ]llalIy otlIcr  scllcdulillg  ])rol.)lcl IIs wlIcrc  a

111111 (Iitllrcadc(l  a])] )mac]l is d(wirc(l.

‘J’lt(~  r(:l))ailldcr  of tlllis  pa]m is orgal]izc(l  as f o l l o w s .  Scctioll  2 ])lcs(:tlts so]])c of tlI(: I<(*y

issllcs  associated with II)llltitlllctl(l(:cl ])logltlll)ll)ilig. Scc.tiol)  3 (Icscrjl)cs  illc 11SS scllc(lulcr’s

ol )j(’(”t’-ol’icll{  )c(l  framework. ‘1’IIc  SCII(XIUIC]  algoritlllll)  is gjvcu)  ill Sec t ion  4. ‘111](:  ])r(w(:lltioll

of race coll(lit)iolls”  and (Icadlod  all(l tll(: ])roof”  of tllcir al)sulcc  is ])rovj(l(d  ill S(wtioll 5. ‘1’()

(1)() ()s(: a s(:llc(lulill?;  ])olicy for tjllo  scl]cdulcr,  a siltlulatjio]l  (x])(vil])(’llt was ])(:rforll)  (d. ‘1’1](’

sill)  lllalliol)  r(:slllts  arc ])rcscl)kxl  j]) Sdjjoll  6 . S(x:tioll  7 collcl[ldcs  \vil,li a discllssjoll  of th(:

(xl)cril]l(~l)tal  ])c:lfoll)-);lllcc  rmults  acllicvcd  witllt  tl]c scll(xllllcl.

Z Multithreaded 1 ‘programming Considerations

lhforc (lis(:llssillg tfllc (Icsjgll  of tll(: 1 1 S S  scl Irdulcr , it is lIcccssa  Iy to l)ridly  d i s c u s s  tllc

IIllllllitlll’(::i(l(:(l  ])rqyaltilnillg  ])aradig]  l). l{ca(l(:rs  tllal  arc fait)  iliar  witli  ll)~lltitlll(:acl(cl  ])ro-

grall]lllil]g  issllcs  ]tlay w i s h  to l)ypass  t h i s  s(xtioll. ‘1’llosc illtj(mwtc(l  ill rcadillg IIlorc al)olli
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I  f III(:  v a l u e  of x  i s  ‘ 2  Idorc tlI(:  CO(IC  s(:F,III(IIts  (:xccutc,  tlI(:  v a l u e  o f  x  afknvar(l  could

1)( “ 1 ,  2, o r  3, dc]mldillg  o]I tlI(:  or(lcr i]) wlli(l)  tllc  wads aIId wril(:s  dsso(idtd \villt tltc

(:()(1(’  S(’glllcllts  al’(i  ?lCtjllally  p(:l’fol’llld  . ‘J’llis  tyj)c  of IIoll(l(’tc llllillisti(:  l)cllavior  is ~(ulcrally

Iill(lcsiral)lc.

‘ 1 ’ ( )  ])r(wclIt  tJIIC  ak)w  vari(:tjy  of Iacx: coll(liti(nl, ac(’(’ss  to Sllal’c(l  data

llt  ltllllllilltl(:?i[l(:(l  ])lc)gltll))l)lil)g,  Lllis is (101)( t,l]]ollgl]  tl]c  us(: of a l))lltua’

I)ustj  Iw scrializc<l.

cxclllsioll  lock,  or

1/)7/ 1(’3’. ‘1’llc first  tlllrcad tlllat, calls  tl]c  l o c k  011 a li)utcx  g(:ts owllcrsl)  i]) of tllc  IIlllt(w. It call

11)(:11 ])1’occcd to a c r o s s  111(! Sllal’c(l  d a t a  ])rot’c(k(l  by tllc 1 I Illt’cx.  1“111’t’llcl’

II III(CX  wil l  fai l ,  causing  tfl I(: mllillg  t,l Ima(l  to slcc]).  WII(:II  tlIc  lIIllt(:x  owlicr

of  t 11(: Sl(’C])illg; t i l l ’CdS  wi l l  bc FIWtlliCll  C(l /111{1 g;iv(:]l  t$l]c Cllall(l  to lock t]]{:

aIIOlllI(V  tlIr(Hd could  actually  ol)tai]l  ow’llcrslli])  of tl)(:  II Iutcx  first.

lit i s  illl])ortlalitl  to rciili~m tlllat, tl)(:  ])m])cr  I]s( o f  lllllkx(!s  tllollc  (10(’s

calls  10 lo(”k t!] 1(’

c a l l s  lllllock)  011(:

IIlllkx,  alt!llollglll

not ])1’(w]lt! t!llc

()((1111(~11(:(:  of al] race conditio]ls.  (knlsidcr  tlIc fo]lowi]lg exalIl])lc:

‘.l’hrcad A ‘J’llrcad  1]

mutex.lock(km)  ; mutex.]  ock(&m) ;
x =X+l; X=X*2;

mutex.unlock(&m)  ; mutex. unlock  (&m) ;

lf tllc value of x is again  2 lx:forc  tlIc  CWIC scgIIIcIIts exwutc, tfllc Valllc of x af(crwal’d

(“0111(1  I)c 5 or (i dc])c]]di]lg  0]1 wlli(:ll  tlIrcad ol)taillc(]  tlI(’ ]I]Utl(:X  first.

‘l)l IC all]ollntj  o f  code ])rotlcct(xl  l)y ]Ill]tcx(’s  ill a ]Il[lltitll]l(?l(l(:(l  ])roglalII  sIIOII1(l  1)( ]ilill-

ill)izc(l,  l)cc.ausc  tlI(”  Ilsc o f  ]I)lltlmCS sigl]ificalltj]y  r(’(lll(x:s tllc  (()])((lll(:ll(:y o f  tll(: ])rop,]al]l.

Altllol]~lI  tl)cllscof  ]I)ut,cxcsis  II(XXSSar~~  to cOIIt,Iol” :I(((:ssto  sl);  ll(:(l I(sOIIIC(:S,  ill(:il  {]s(:  (Iiill

l(:a(l tOal  IotllIcl”  sigtlific.allt  ])rol)lcIII  mllcd  d(:adlock.  l)c(Idloc/:  carI (Jccu[  wlicJI(:v(*ra  c;lc[ilar

cl]aili  o f  tll]rca(ls  mists  i])  wl]icl]  caclI  t,l)rca(]  OWJIS o] IeoI II Ior(” II]l]t(:xcst,llat  arc ](xj(l(:st,(:(l  I)y

lll(’]IC:Xttl  lIlCaCl  i]]  tfllcdtailt.  lp{)](:xaIl]])lc,  c:()]lsi(lc]tl  t(:(as(:}~r  lt(I(~tltl(:acl  A ()}tlIslIIl]{cx7771

alI(l  i s  waitlillg  to ol)tlai]l  II IUtfCX 7n2, wllilc  tlIrcd IJ o\v IIs ]II[ltl  CX 7)12 all(l  i s  waitlil)p;  to ol)taill
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TCL interface

[::heder@”--”’

+ scheduler splices

threads
1

. ——-----+ model splices

E...: .1rls!ats
simulation framework

■ m.m. .mmmm. m ■ mrm%miETF.*+~m  ■ mmmummmmmmunmmmm mammmmmmmmmmmmmmm  mmmmmmmnmmmmnmmmm  ● mmmm

[

“’—————

cpu_a

- - b ~ ~ - ” ” - -

-. ‘-’’=<:CS-.I

primary bus

] ‘Cp:b-::nc=
nmmmmmmunmmmmmmmmm  mmmmmmmmmmmmmmmmmn  mmmmmnmmmmmmmmmmmm mmmmmmaammmmmmmmmm mmmmmmmmmmmammmmmm mmnmmmmmm

l{’igurc  1: Sill)  ])lifid  lc])l(:s(:llt:ltioll  ofll SS ol’(:ral]  <Ilc.llit,((:llllc.

iII tlI(~ l)a II”ic] CIItlIy  s e t  ]IIay ])]occc(l  l)cyoII(l  tjlic  l)arricr  Illltil a l l  ]l]odcls  ill tllr c]ltry  set  lIa\c

ill”l’]\J(Xl  at t,l Ic l)alyj(:]’. Ollcc  all  lllo(lcl sill  tll(’(vltIys(:t  l]al’(: ](’a(ll(!(ltl  ](tl)ti]Iicl,  tlIcc\JcIIl,s

associ;  lt,(;(l  wil,]l  t,l  Ic CV(HItl  sd arc  ])(:rforli)e(]. ‘I’l  I(\i  I, 1,11(’  II Iodels ill tlI(T l)arrj(:r  (xi{, SC1 aIc

l’(’l(;il  SC(l (Cll~l)l  Cd fol” cxccutio]l).

‘1’I)(J only r(:stric.tiolls  01) lII()(lcl clitry all(] exit SCIS  arc as follows:”

(;ivcil  l)alricrs  l)i Zllld l)j t h a t  [) CCII1” at t,illl{!S /)i(/) ?Ill[l I)j(i),l (:s])(:(lil[ly,

I scheduler
}-4

model
queue
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1 .  lfb~(i)  = l)j(i),  ]]lodc] ?)~~ call l)ra 111(:]1 ll)cl[)fa tlll()st()l  l(() ftll(l)ii~l  i[l(lltlyscts:ll l(l

011(”  of t!llc I)al’1’i[’]’  (wit! Scis.

2. If hi(i)  <  bj(i),  lll[)d Cl ?)~~ call 1)(: i l l  tll(’  (’lltl’j~  SCt foI”  bi all(l 1)~ if {11)(1  0111’j j{ it iS ?11S,()

~11  tllI(J (:xitl  s(:t foI bi.

l“iguw 3  illustlratl(:s  tllIC Ils(:(){l.)tillj(:ls  to syllcllrollizc  lt)()(lcl  Cx((:ut,io]l.

time ,., ,,. +

models

v

I’igurc 3:

g~

—. -.

-. ..—

—-

breakpoint
barriers barrier

Usc of l)amiers  to sj’ll(:lllo])iz(:]]]()(l(l  (:xccut)ioll.

‘1’1](’ (~assilii  S])acccraftj  is a l(:;ll-tiltlcsyst(~ll). ‘J’llus,  tll(’ 11SS li)[lst trad sili)ulatc(]  tilt)e.

l ’ h e l l  l)t]l]j(:]stlolcs  tlll(:tj]]](::  ]tllf’l)i(:ll  itistooccur.  111 ;i(l(litio]ll( ’iicll  l~allic]j]lcl[l(l(:safliig

tlIal  i]l(li(at,cst  llc})]csc]l(cofa  l)a]];(:]l)]ctll{l)oi]lt  (discussc(l  furllleri]l  S(xtio]]  4 ) .

llarricrsc  a]] l)c]]]aclc  ])c]io(lj(:.  l’hacl  I l)iilIicllia  si,lll(  ~(:]);l l:lltlct(  ~lsl()(()]lil()l  Il](,l):ll]i(,]’s

])(lio(lic.it~~.  ‘J’11(: })lIas(:  (Icscril)cs  tllIC  o f l ’ s e t  o f  tlIc l)alricr’s  first OC(UIICII(X:  fro])] tilllc  z(m).

‘1’11(’  c y c l e s  alI(l  IIaIIoscco]Ids  l)alalIIctcIs  dcs(:rjl)c  t,lI( ])crio(l  o f  tlI(:  l)arricl  jll  c y c l e s  I)(LI

IIllllll)cr  of IIallos[mllds. III tllc Cassi])i s])acccraft, tlI(:Ic aIw  two Iwf(wIIc(;  c l o c k s  tjl  Iat alc

avail  al)]c  10 al] of t,llc  s.yst, (:]l) II IO(IUICS.  ‘J’II(:s(: clocks are US(XI l)y tllc  IIlodul(m for t,llc ])[11])os(:

of syllcl]l.()]lizillli()]]. 111 thc(~assilli  11SS, tllcsatt)cf(lli(:tjio~l  isil(:(oll)])lisllc(  ll\’jtli  tilo])(:]io(li(”

l)?lrli(>ls.
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3 . 3  Modds a n t ]  the Modd Queue>

As d iscussd  carliw, cvmy lIaIdwaIc  cIItity  to l)c [v] Iul:Ikd i]] tlI(: s])a(mraft,  lIas aII a s s o c i a t e d

11)() (1(’1 01);(’(A. ‘I’l Ics(: ]IIo(lcls C] IIUlatlC tlIc lIar(lwarc iII rcs])oIIsc  to tlIc  fligl)t  software alI(l

otlI(Ir ]II()(l(:ls.  III {II(:  sclIcdulm, a ]Ilodcl ol)jd storm  tlIc  i(lclltit)y  o f  tlIC II(:X1 lmIricI  al

wlli(l)  it II IIIS{I stop, tlltc tlilnc  of tJIIat  l)arricr, a list o f  l)aIIiCI sto]) tilll(w for (Tv(JI~r  kIIowII

l)tllti(>ltjllcl]lc)(lcl  will Cllcoulltcrill  tllcfutul(:,  tlI(,(lIII(:IIt  tilll(Jfolt,llcli){)(lcl  ill (~ J(l(w,l,  ]I(:

1110(1(!1  St!dt!(:,  all(l  t,ll(!  Cyc](! l’afc  for 1!1)(’ 1110(1(:1  Cx])l’css(xl  ill cyc]cs ])(’1’ llllll)l)eror  II:lllos(:(’oll(  is.”

N40(1(*1S (aIIIIOt  I)c sk)])])ml  iII  tll IC II)icl{llcof  all  illsll(l(:lioll  (:x(xmtioll  alI(l  solIIc]II()(l(*ls  lIaIIr

varial)lc  l(v Ig(lI illstlructio]ls. ‘J’ll[: cycle] atci]lfo]l])zltiol]”  ali(l tlI(:i  IIs(ILIctioII  t$olmcxccut(:(l

(1( ’t(’]l]l  illctllc])oillts  iII til IIcat, wllicll a ]IIo(lcl  cal I I)csto])])cd. ‘J’lllls,  tllccoll(  :( ’])tofil”  l)al’1’i(’l’

is 1( ’lax(xl  SU(:II tlIat a II Iodcl  that  rcaclIcs  a l)arric]  w i l l  aCtlIIally  sto]) at or a f t e r  a I)arricr  (if

aII i]lstr(l(.tio]l  is II(){ y(:t, (x) II I])lct,c  WIIOI 1,1 Ic I)alri(:r  ()(.c(Irs).

A II I()(IcI  CZIII k “wait  lillg’> fol;t{l lllczl[l[)]  lltllicl  ltl[)](lll,  ‘(rlllll)ill~”  OIIat,]IKa(l,  “~lt,.l);tllj(.1”,

01” ‘: SUS])” (SUSI)CII(]C(]). A]]][)clcl tlli\tc]l  c()l]llt,(:ls;,l)  ](tll{l)()iTltl)c(  [)]]) cssllsl)(:I,(l((l.  ‘] ’] Icus(;I

CaII tjl I(:II illtcrrogaf,c  ilIc  II IO(ICI k) (I(:ll(:]]llill(:it)s  stat)c i]] fort] ]dtio]). III tl(l(litio]l,  t)ll(scllc(llll(;  ]

will sk)])  cxcc.utillg  all ofltm II Iodcls. ‘1’11(:  I]s(]  C;III  tlICII jlltcrrogat( tlI(: si]]lul:ltim]  II I(xl-

(’ls for t,lo(]l)l  (~sl)()[)ti]]g  ])u1.])oscs. AltlI()(IglI  cx(xutioll  is SIIS])CII(I(X1  I)y t,l  I(: SCII(YIII1(H  \vl I(II

alIy  111()(1(:1  IIit)s a l.) Imk])oi]It,  tlI(’ II1O(ICIS aw IIOt gua Ial It(x Yl to l)c colll])l(’t(~ly  syll(”lllolliz(:(l.

II OW(,VCI, I)arri(m  calI I)c IIscd  to s e t  l) OUII(IS  0 1 1  tlI(:(lcgIc{  to wllicll  II Io(lcls  lIIay 1)(:  OIIt o f

S.yll(’lll[)l)iz:lt,joll.

‘1’11(,  111()(1(:1  quc{l(:  lIoI(Is  IIIo(lcls  waitlil)g  k) l)c mw~ltc:(l. M()(lCIS alc ])llt  011 tll(’  IIlo(l(’1

(111(,11(:  oIIly wlI(~II  a l)arrim  lIas  l)(x:n  rcacl Ic(l. ‘J’IIc II 1()(1 CIS ])lac(:  0 1 1  tlIc II 10(1  CI (llI(,lIc  arc  tlIc

]]10(1(’1s  s])ccificd  as t,l I(: e x i t ,  sctl  for tllc l)alriero ‘I’IICIII()(1OI  qll(w(:is  C(lll(:IItlyilI  I])lCIII(:IItl  ((l

as i-l  first-i]),  firstl-ou{  q u e u e . ‘1’11(:  scllc(lulillg  ])oli(:y  uw(l  I)y 111(1  s(:lI(Ylulcl  [I(iml)lill(:s  t,l  Ic

or(l(~I  ill wl)ic]t  II Iodcls  arc ])lac.cx]  0 1 1  tlIC (lucuC.  Scctjiol)  6 ])mvic]cs  a cl(:tailc(l  (I(:scri])t,ioll  o f

s(:ll(xllllill,g ])OlicJl alId its cf~cct  olI III(:  ])c:]”follilal)(:(”  o f  {II(: S(”l)(lllll(’r.
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3 . 4 Tasks, ‘1’hmads,  anti the ‘J’bread QUCUC

ll(wal]s(~  tll(: sclldl]l(:r’s  goal is to ]Ili]lilt]iy,c ](]l]tiltlc l)JJ ]tlaxi]]]izi])g ])ardllclis] l], t,l I(: SCII(YIUI(:I’

IIS(W  l) OIITI(I  tl)rcads  to (: X(WUIC II)o(I(:ls.  ‘1’llis  a l l o w s  (Ja(]t  S(II(XIUICI tlII(a(l  to I)c sclI(dulcd

glol)al]y I)y t,l  I(: ol)c]atli])g  systcII}  aII(l Ksult,  s i]) g o o d ”  l)(\IfoIIII;  III(c W’llclt  tll(! 11111111)(:1’  (“)f

IJW1’S i s  cqIIal  to 01 slig;lltly  gI(Ial(I tlIa II t,l  I(: IIUIIIl)(r  o f  l)roccssors  iII  III( systcIII.  1’01

sillf,l($-  l)ro(.(~ssol”  Systcl)ls, ii is p;cII(’Ia]]y  I)(:(tm  to IIW II II1)OUII(l  t]llw(]s  ill  or(]cr to ICK{II(:C t,lI(J

()])(,  ratji  II:, sysk:lII  o\7c111cad.

l’lvm)~  scllc(ll]lcr  tllrcad ]las all associatd  {ask ol)jcct. A  tas]( Call 1)(: i]) 011(!  o f  t,]I(:

fol lowjllg  staks: i d l e ,  lullllillg,  (lyil Ig. \VIIclI  a t a s k  lIas a  lIIo(lcl  to 11111,  it is ill tllc  rullllill:;

stale. WIIclI  a tllilwid i s  l]larkc(]  fol dclct$io]i,  L]](:  associatd  {aSli  i s  1)111 ill tll(: (Iyillg;  Stlaic.

otlll(vwisc)  tllc task is ilt tlllc  idle state. l’;vcry task also stores tll(: IIIIIII1)(H  of a I))()(lcl  to IUI]

all(l 11)(:  tli]l)c  o f  ill  IC ]ICXtl I)al]ic]  at wllic]l  t,ll(:  II Iodcl II III St, s t o p  (l)ot,l  I \~alid  OIIly W]ICII t,]I(\

t a s k  i s  ill llIC ]u]lllill~ Stlatc). ‘1’]Ic task a l s o  storm  i t s  lllli(~u(:  i(lclllity  lIllll)l)(,r.

I’;vmy t,iisk lIas  a  IIIutcx a s s o c i a t e d  witj]l  it. ‘1’liis  II IIIt,(X  i s  lIs(xl  to i]t)})lc]))c]lt  a  sl((;l)-

wait  l)alric]’  fo] tJIc task.  Wllc]} a task (tlIrea(l)  is crcat,d, jts ]]lut,cx js l o c k e d .  ‘I’]](: tllrca(l

tll(]l  cx(x:utcs  tlllc c()(Ic SIIOW]]  l)c1OW for a slccj)- lvail l)arric]. \j~llcll it tries 1,() r(- ac(luilc 1] 1(

]II(I((:x,  it js ])utl  tlo slcq).  Wl)cl) t,ll(:  u se r  is lcady to a(lvall(w tllc  sill)  ulatiol~, a lull  colJIIIIa  II(l

is issued to tlIc  scl IcdulcI, wllic]l  cwscs t,l Ic task II Iutcx  to lK: rdcasd. Now (IIC tllmad will

acq uirc  tll IC II IUtJCX aJId tlICII ])mc.ccd do useful worli. 011((1 tjllc tll)wad lIas doIIc all lIIC WOI k

it (’a]I,  it ret,llI’]Is,  g o e s  to tlllc  to]) of t,l Ic 100]), alId trim to ]wa((]uirc  tllc II IUk:X<  OIIC(:  again)

it uill  1){: ])llt to slm]) ulll)il  allotllm  IIWI IUII (wlIIIIIa JI(l  i s  issu(~(l.



Sleep-Wait ,  IIarricr

whjle( !done) {
task.locko ;
if (task .state == dying)

done = 1;

else

do.worko ;

};

Spin-Wait IIarricr

while (!done)  {
while (task .cond == o) {};
jf (task .state == dying)

done = 1;

else {

do.worko;
task.cond = O ;

};

};

AI IotlIcI  ])ossibk  a])])roac]i iS t]Ic SpiH-WtLit  l)zII’Iicr  (ShO\VIl  <I1)OWI ) .  l!’it)ll  tllisti])])lo~lcll,

1)1 I(:laSk  (:()ll(liti()ll  l~'()lllcll  )c:illiti:~llj'  sctt()O. ‘I’ll(t lllca(l\~’  olll(lstt\yill  (Jllci}lllcl-ll}ost  wl)il(l

100])”  ul)til  tl)(:  user rul) coltlllialld  cl IaIIp;(d tllc task coll(litioll  t o  SOIIIC  otl)(v  valur.  ‘1’1)(1)

III(: till’cad (“0111(1 go 011 to (10 llscful work. oll((’fillisll((l,  tl)c  t)asl< WJOUI(I O]IC( agail}  CII1(I

lllc  s])i?  l-wait  l)alricr. 'J'll(:  (liffcl(:ll(:(:l  .)(:tllt'ccllt  ll(`scil  4[)a])] )lC)2(cllcsistll:  it:l sl(>(])il{g;illl(’?l{l

d o t s  J)ot Colt)  ])ctlc  for (Jxecutlioll  tlill)c  011 a ])roccssor. ‘1’llis  is ]loi all issucif  (:vcry (llrcad ill

11](’ 11SS IIas ills  owl] l)roccssor. IIowcvcr>  WI](:II tllm’c :11’(’ 1)101’(’ tllrc?l(ls  illall ])1’()(”(%s[)1’s, tllc

s l (w]) -wai t  l)arricr  l)as I)ccll found  to bc a fal su])(:lior  al)]) roacl] ill t,c]llls of l)c]fol]]ltlllc(:.

‘1’ll(:tllrca(] (]llcll(:llol(lstll[:taslt  i(lcllllity]  llllill)(:lsfo  ltlll(a(lstllltlt  tllc(:(lllc]ltly  sl((:j)i]lg

al tlIc slcq)- wait, lwriu. l)ll]i]lgi]liti:ilizatio]l  ofllI(:s( :lIc(llllcI,;\ll  crcat(d tasks aIwl)la(xxl

0 1 1  tlIc  tll II(*a(l  q u e u e .  WIICII a tlII(*a(l  is  IIwdcd,  a taslt i(lc]llity  II UIIIl)CI  is  IwII()\d  fro]l] tlIc

llIl(a(l  qu(’I]c alId tlIc (()]lcs})()]l(lillg  t a s k  IIll]tcx i s  r(lcasc(l. Wtlc]l  a  t i l l ’ c a ( l  IIas 1 1 0  Wol”k

l(:f(, it]) l]tsitl sLasl(i(l (:]]tlity]ll ]]]ll.)c]l)ac l<[)]l tllctlIrca(l  (][1(11(:1 )( fO1(:(:ll  t(:lillgtll[sl  (:c])-~~ait

l)arlicr.

4 Scheduler Algorithm

‘1’liis s(x:tioll  d(:scril)cs  SO]]lC o f  tllc  (ldails  o f  t,llc (;assil)i  11SS s(llc(lulcr  illl])lclll(llt;itiolj.

1 ‘ilrlic(llar  attclltioll  is focusd  OII II Icasur(x  talf(ll  10 i ltt])rovc ])crforlllallc(,  alt(l to ])r(’v(:lltl

1()



(Ica(llock  aIId  ram collditio]]s. ‘J’llc ~)aragIalJlls  I]iat fo]lo~v”  r(:f(:r  to II)(, silll])lificd ])s(’1l  (10 (()(1(’

])rovi(lc(l  ill l“igulcs 4 7.

th~eadloop(task){

done = O;

while (!done)-(

task.locko ;
if (task .state == dying)

done = 1;
else

do.work(task) ;

3;
>;

lJigurc4: Silll]J]ifio(l]Js~:(lc]c)  coc]t:foli]ittllreadloopo  fullctioll.

model _onto.threado-(

while ((task = get_thread_from.queueo) != NONE){
while ((model = get_model_from_queueo)  != NONE){

task.model = model;

task.unlocko ;
break;

};
};

};

l“igurc5: Sill~])li~i(:(l])sc~l(]()  coclcf(n t]lcmodel .onto-threado ~ullctioII.

111 {I](’ ~;assilli s])ac(xxafl,  tlllc  IIar(lwarc  colnpollcltts  sj~ll(:lllolliz{’lvitll  OIIC al IotlIc I cv(;Iy

()]l(~(~iglllll s(xx)]I(I,  at, a lc?ll-iill)cillljt:llll])t (Ii’]’]). ‘J’llc 11SS ]Ili]]licslllis l)(:ll:i~’ioltlllo(lg;l]”  tlIc

IISC of a ])rrio(li(. l)ar]icr wit]) tll(: l)criod set Lo oll(:-ciglltll srco]l(]. (Jill(:ll)illliclsillc  added

as 11(,(x1(x1  to l)rovidc  additliolla]  syllclllc)llizii{ioll  ])oill(s all]ollg lt)odc]s. ‘lllICIIS(rCalI s])c(ify

10 tlllc sclidiilcr {)IIC lC]IgtllI d cIIIulatcd  ti]ilc or tll)c Ii{llIIIK:r of l{’llls {Illat tlIc s(:l IdIIl(H slI(ml(l

(’x(’clltc.  Ill l“CS])OIISC, tllcsc.l]c(llllc]s(  :tsll]) a s p e c i a l  l)arricr, li]lolv]i as a I)r(mk])oilll

that, IIas  tfll(:(lcsirc(l si,ol) ti]llcall(l ll]atl  ]Ias itsstol)flz]g;sct.



do.work(task)~

breakpoint = NO;
while((suspended == NO) & (breakpoint == NO)){

rv = run_model(task  .model );

model.state  = waiting;
switch(rv)~

case MODEL_NOT_FINISHED:
model.state  = running;

break;

case MOI)EL_REACHED_BARRIER:
model state = at.barrier;
breakpoint = model_hit_barrier(model );

break;

case SCHEDULER_SUSPENDED:

suspended = YES;

model.state  = suspended;

break;

case default:
ERROR();
break;

};
if (mode] .state != running){

if ((breakpoint == NO) & (suspended == NO)) ~
model. = get_modelo;
model state = running;

if (model == NONE)
break; // The model. queue is empty.

};
};
put_task_onto_thread_queueo  ;

};

11’igI;(IIw  6: Silnl]lificd ]) SCUC1O CO(]C for (]lc do-worko ful]clio]i.
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model _hit_barrier  (model){
breakpoint = NO;
barrier = model .barrier;
barrier. insert_into_entered_set  (model);
if (barrier. entered.set == barrier. entry_set)-(

breakpoint = barrier .breakpoint;
barrier. clear_entered_set ();
barrier.do_events(barri er);
barrier .set_next_stop_time(barrier)  ;
for (models in barrier. entry_set){

model .barrier = find_next_barrier_for_model (model);
model.stoptime = model .barrier->stoptime;

J;
if (breakpoint == YES)

break;

else -(

put_models_onto_queue(barri er.exit_set);
model_onto_threado  ;

};
1;
return breakpoint;

};

]“igllrc  7: Silll])]ifid  ])s(nldo  cedcfw t])cmodel.  hit. barriero fllllctiol).
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{II( OIIICI  tl}lcads u]) 1)-y c.allil)~ model -onto-thread (). Aflcr (Iojlig so, tllc ]tlasicr  llircad

will Ix:tIIr iI 1,() do. worko, wllcrc it will attcIIIl)l {() ol)taill  a JIIOdd  to cxccutc.

\VJl(:]I  III(:  ]IIast,cr  ilIrcad  (:] IcoulIt,crs  a  lmrrjcl’  tjl  Iat lIas jts I)lwlk])oillt  s e t ,  it Ifrjll  l)ut  if,s

idcll(ificr olI tlllc il]rcad queue and will sig;ilal tl]c ‘J’c] illtcrfacc  Ij]lread  tlIa{ tlIc S(IICXIUICI  is

filtfsll(d. ‘.l’]1(: II Iastcr tllrcad will t])c]l ]c(u1]} fro]~l  do. worko and cJld 11]) at illc sj)jll-sic(l)

lmrrier  ill thread] oopo. ‘1’llus, all of {IIc sclIc(lulcr illreads arc lMC1< to tl]e salt)r s(aic  tlI(jJ

1!’(’1’(!  ill l)rjor  k) tllc  lallllcll of tllc SC] IC(]l IICI’.

5 l)eadlocks  and Raw Conditions

5.1 Ilwdlocks

OIIQ  illl]wrtalltl  I(:(lllilclI)(:lltl  f o r  {II(: sclIcdulcI  i s  tlIat ii  IIIUSt  I)c fICC o f  clm(llo(ks.  ‘1’IIcw

aI(’  tll IlW:  c.]assjcal ap])mac.llcs  to d e a d l o c k s  j]) tllc lit(:ratl]r(~: (lcadlock ]H’(wclltio]l  , dcadlocl{

avoj(lall(:c,  aIId (]cad]ock  dct,cct, joII aJId rccovmy [2]. 1 )( YI(I1o(A avoj(lall(”c  aIId dca(llock  d(l-

t(x:tio]l aII(l Iwx)v(:Iy  s(lIc  IIIcs jllvolv(:  rullt,ilil(:  ovclll(:a(l  to d e t e c t  alId avoi(] ulIsafc  stat(w

01 k) (l(;tcct  WIICII dead lock  lIas OCCLIII(X1. 1 )(dlock  l)r(:v(vlti(nl, 011  t!llc  Ot]lcl’  IIall(l, call 1)(:

jllll)l(:lll(:lltjc(l  witl~oui  ru~ltlil]~c  ovcrl  Ica(l. ‘1’lIlls,  ilI  tlIc jllt(’wst  o f  ]Ilaxilt)izillp; ])cllc)]lllall(:(,

d(’a(llo(:k  IJrcv(:llt,ioll  w a s  cll(m:Il  as t,llc a])l)loacll  to (1( ’adl[)(”li  for tllc ~;assjlli  11SS scllc(llllcr.

(;ofliII  aTI, lll)lli(:k,  aIId Sl)(xdlal)i  []] staid  tll(:  followiIIg follr Ilcccssaly conditions t]lai

1 i 111s(  1)(’ jli  W’(:ct,  fo r  (Iradloc.k  to cxistl:

2. l)rocmscs  lIold rmourccs  alr(:ady  allo(:at(xl to tlIcl I I w])i 1(’ wait il)p; f o r  a(l(litiolla]  rc-

Solll’(’es.

?). ]<(%0111”(’CS  C?lllllot  h I’(UIIOVC(] fl’olll  t]l(! ]) J’0C(!SS(Y5  ]I()]di  II?; {]1(’1)1  lllltjl  t]l(! 1’(’S01]1’(’(:S  :11”(’

us(x]  to collll)lctlio]l,

1 [i





~ aII(] 4 ) .  \~T]I(UI a]] of t]i(: s(:]Ic(]uIcI’ t] II’cads  F;() to s](q), t]I(I s(:]I(dulcr (’a]] ill fact ])]akc  ])()

])rogtess  wit)llollt,  outlsidc illtf(:l}~(:l)t  lion. 1 IOW(’VCI”> a 11s(’1’ fill’(!a(l (“all 111110( ’1{ 111(!  task  11 Illt!cx(x

to Sl!al”tl  Scll(dlllcl’  O])(mt!km  . outlsj(l(  tlIrca(ls  11  C17C1 l o c k  t a s k  II Iukxm, wit]l  tlI( m(w])tioll

o f  scl Ic*(l Ill(:I illiliat,ioll,  wlI(m:  cac]i task  II IIIt(X is lock(xl  olIly wrl  IcII tlI(: {ollcs])oll(lil)g”  tllrea(l

is crcalc(l.

M ()(1(:1  ol)j(x:t,s  al’c 1101! ])l’otcctlc(l  l)y IIlutcx(’s (:\’cll  tllollgll t,llry al’c Sllald ol)j(’ds. ‘1’1111 s,

d(~a(llocl;  is IIOt ])ossil)lc wit]) regard h (wllt(:lltioll for II Iodcl Ol)jectls  al I)oIIg tlIlra(ls.  lllstca(l,

. .
l’a(”(’ (“oll(llijlolls  al’C ilIe mlIc(:llI  witlI  lIIo(l(,ls  aII(l  aIe clis(:llssm{  iIl  tlI(’ 11(’xl, s[ll)sc((ioll.

5.2 RZWC C o n d i t i o n s

l“mlII  tlIc  discussjoll  al)ovc, it sIIOII1(I  l)c clear  tlIat  w i t h  tlIC (:xcw])tioll  of 111()(1(1  ol)jc(:ts,

a l l  Sll?ll”c(l  (Iata  al’(: ])1’ot(xk(l  l)y IIllltm(%. 11] Ilic case of II I()(lcIs,  tlI( l)alli(:r  IIl(cllallislll

(wlIIl)i  II(xl With  I tlIC mistlml(:(:  alI(l  us(; of tlI(J 111()(1(:1  (]UCUC  gua IaIItccs  tlIat  I I( )  iwo tllrca(ls

Ivill  thy to ac.ccss a II I()(I(!I ol)j(:ct at tfl I(: sal IIc tillle. ‘J’11(: r(wtrict,iolls  0 1 1  l)arrirrs  ])rcscIIt(d

iII $kxtlioll 3 jllsur(:  tlIall  oIIly OIIC lmrjcr  CaII  sta II(l iII tllc w a y  o f  a  II IO(IC1 at, aIIy OIIC tiIIIc.

l“llltlIm,  a  II IOCICI is ])la(xx]  0 1 1  ilIC II IOCIC1 q(I(:uc  oIIly  wII(’11  a  l)iIIIicI  lIas l)(XII IUCII(XI  aII(l

O n l y  011(”  t i l l ’ca(l  wil l  Cvc]’ ‘)l’ca(:ll’) a l)al”l’icl’  1)( ’calls(:  O]lly  ollr tlll”cad  (all  Otf’11  Illc  last! 11)0(1 (’1

10 (Illt(’r a l)arlim. ‘~’l)is  illl])lclrlcltlati[)ll  of I)alrirrs  co]tll)i]l(,(l  wit])  I,l]cusc ofa JI]o(I(I q[](:~l(:

Illlai  is ])rot,d,d l)y a Inutjcx, gllal’alitccs  t h a t  a  Illodc] call O]lly  1)(’  assigll(!(l  k) 01)(!  t i l l ’ c a ( l

at alIy l)oil  It ill tlilll(:. ‘I’l  Ius, t,llcrc is l)(:v(’r  ally colllcl)tio]l”  l)ctw’(x’11  tlllrcads  fol  a  ])articlllar

11)() (1(’1 ol)jcct).

l{((iilltll;ltjll  S(x:tliol)  3,it}$assl  l()lillt,l  lt\lltl( (:c()ll( liti()lls(all()  c(Lll(:lcllI$,  itl)l,ll(  :])l()])(:l

Ils(:ofl  lllltl(:xcs.  ‘J’llis is])ossil)lc}  tll(~Il  two tlllcil(lsI$  lit((lifl”  (’1(:111  val~lcsto a sl)arc(l varjal)lc

aII(l tll](~ ult)ill)atc  r e s u l t  dc])c]lds  0 1 1  tllc  ol(lcr ill wllicll tlI(:  tjlll(:acls  ol)tail) accx:ss  to tlllat,

sllare(l  varial)](:.  II I  tlIc  case of tll IC SCIIC(IIIICI,  W(S call sliolv  I)llai  Illlis w i l l  11( ’v(:I” o c c u r .

llcl’l)ya  11s(:1’
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liio(lc] was devclo])cd  to lnilllic  {Illc o])crailiol)  of tlI(:  scl IcdulcI. ‘1’11(:  li(:~ ])(’I’fol’lll{lll  Cc vd]iab]c

wc II Icasu  Tcd was  tlIC toial  cst,i II Iatc(l  t,ill)c  foI tll I(: 11SS to cxccutc all tl)irty-ollc  ]1]()(1(:1s  for

too Ii’l’Is.

OIIc(I  t)lI(: sil)lulatioll I)]ocIc1  was verified alId vali(latc(l,  \vc (I(wcl(qd fifty-six varidtiolls  of

it. l’;aclI  (Ii fkrcd l)y tlI(J II UIIIIXT  of tlIIcacls  avail al)lc to ])roccss ]llod(~ls ( I tlINJa(l,  2 t,llwd(ls,

~1 tlIlwI(ls, 4  t,liwa(]s,  8 t)llrcads,  12 tlIr(a(ls, alId 1 6  tllrca(ls) and tllc (jllcu(’ ])riority r[lle fol

{!11(’ 1)10(1 (’1 qll(>llc. IIy ]ulllli]lg ~OIt-j rc])licaijiolls  o f  (;I(:II  siltllllalioll  l]lo(ld,  wc ])(rforlll(:(l  a

{Iotlal of 22?40  silt)ulatioll  runs. IPor Ifllcsc silllulatio]l  runs,  ii was ass~]ltlcd  that  every tl]l(ad

was l)oulld  to a ul)iquc  ])roccssor.

‘1’:11)1(:  1  sultll])arizcs  tll)c Cx])criltlcl)tal  dcsig;tl  used  for 0111 st(l(ly. ‘1111( data ill tll(~ lal)]c

is t!llc Cstjil  Ilat JCd a\~cl’a gc tlilllc  for 111(! 1 1 s s  to 1’[111  all  of t!llc tllil’ty-ollc  IIal’(lwal’(!  IIl[)dc]s  fol”

tllIt~ vtII~Iil  Ig sccllarios. l~or cxalil])lc,  oul sil I)lIlatio]l  ]) I()(IcI  (xtilllat,(s that Ivit]l  two  t,]II(’a~s

alt(l  I{l]lc 4, t,l Ic 11SS will IIavc all cxccut,iol) tjilllc  of 38.8 scco]lds. ‘J’l]at  is, it is cstil~lat(d

lllI;It  it w i l l  t,dkc  tlIc 11SS  38.8 scco]lds  to silnulatjc  12.5 s(xx)l)ds  (100 1{’1’1 x 1/8 s(’co]ld  ])cr

1{’1’1 ) Of tllc Spat.ccraft, data K)llt,d Systcl]l  . ‘1’llcsc r(xultls illdicatc  tl)at tl)c 11SS is sIOIV(H

Il)al) real- t i l ] lco llowcvcr,  sillcc  tll(:  till)c  i,l Iatf tl)cs(:  (:xoc(ltioll-tilrlc”  II I(~aSLI IC:IIIC:IItS  \vcI(: II Ia(l(-:,

sigtli[i(:alll, i]t]])]ovc]llc~]ltls  IIavc Ijccll ]1]:1(1(: to Ilt(’ IIal’(lwaw 1110(1(:1  ])1’oglal

tjll(~ 11SS is faster tll Ial I Ical  tlilnc.

AII al]alysis  of variallcx: was  ])crforjtlc(l  t,o test, ivlI(tlI(:r tlI(:rc is a s

I  (“()(1(:s. (hll’1’(!llllj’,

atlist,  i(:dl  (li fl’CICII(C

alllollg tll(: ltlca]l iil)lcs t,o c.olll])lctioll. 1?01 ollc tlll(:ad, tll IClC is II() (Ii ffcr(ul( :(:. 1“01  t,~~() aII(]

II IOM: I] II XM[lS,  t,llc best ])crfor]nillg  rule is liul(; 4. A CIOSC scco]ld is ]{lllr 7, followed l)Y ]{u Ic

5. ‘1’11( IwIIlts  a l s o  ill(licat,c tlIatf  a s  tlI(:  11111  IIl)cr  of tlIr(m(ls  illcr(:asc,  ~lIc  rulI tfill)c  dc(mascs.

‘I’l  Iollgl I tllICIC is a lilllit 011 tllIC  ilt]provclimlt.  our si,udy slIows  tlIat  aftu four tlII(M(ls,  a(l(lillp;

lII(Jrc llIlra(ls lIas lnillil~lal iIII]m(:t,.

‘1’11(:  fad tll)at l{u]e 4  IIad tllc l)cst  ])(:lfolli)illl((: ill(licatcs  tlldtl  ltlo(lcls  t h a t  Ic(luid

tl](’ lo])g;(:st  cxccutioll  tilll(:s ill tl)c  ])ast  are l i k e l y  to reqllirc 1,11(:  lo]lgcst  (’x(xuiioll  tilll(~s  ill
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‘1’al)lc  1: Av(:ragc  ru]ItiJII(:  csti]l)atcs  for tlIc 11SS to cxccutc  all tliirty-ol]c  cIIIulafoIx  foI 1 (N
1{ ’1’1s. ‘1’llc l’csults  al’c illdcxd  by (11(!  (]llCU(! ])riol’ity  1“111(!  f-or tllc 1110(1(:1  (]11(’11(:  and t!llc 11111111 )[’1’
of t!lll’cads  10 ]) IWCCSS II)o(lcls.

1

2

3

4

6

‘[

8

IIcscriptioll
l“irst-jll,  fiIst-o  IIt - ])riority  givc]l to
lllodcl alrivjllg  al lnodcl qucllc  ./i7xi

1 ,astl-ill, first-out - ])riority  givcll {()
]no(lc] arriving at Inoclcl queue 10s1

]’rjority  p;ivm)  to lnodc]  tll)at IIas 1)[’(:])
ill ])1’()(RSS  for {111(:  lcwsl. Ijilllc
l’1’iol’ity  p;ivcll  to IIlo(lc]  tl]lat ]Ias 1)(!(’11
i]} ])roccss  for t$l IC ?/10s1  iil]}c

]’riority  g;i17aI 10 IIICKICI lIavi IIg waikd
/(:0s1 iotal  lliIIIC ;II ]nodcl  q u e u e
l’riorilly  givcll to JI)()(lcl  IIavjl)g waitd
?//0.$1 total t’illlc  ill IIlo[l(’1  qllcl](!
l’riority  gival  to ]IIo(lcl IIavjl)g wail(x]
1(:(/s/ total  t,il]lc j]l tlIIwId  qu(mc
l’liority  givc]l to lII()(ld  lIa\7i IIg waitc(]

7710si total tilnc  jll t)l IrCad (]UCUC

Number  Of ‘J’]] reads

1[21314  [8112

7[i.4

76.4

7(i.5

76.4

7(i.4

76.4

76.4

7[i.4

42.1

3{).4

42.1

38.8

41.3

41.3

40.4

4’2.1
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‘1’al)](’ 2,: Sl)cc(lll]) ])[n’rorlllallcc  of tjllc  1 1 s s  a s  {,11(: 111111)1)(:1’  of t i l l ’ ( m ( l s  11s(:(1  is Vari(!(l  011 a

two ]JIW(:SSOI S1 ‘A l{ Cstatioll  10 all(l a fo~]l-])loc.csso]  S1 ‘A l{(ktati(m 10.

[ I Number of ~’l)rcads
Workstation lJscd J12 3 4

[

‘l’m[)-l)]occssol”  S1’Al{(lsia(ioll 1 () 1.00 1.80 1.86 1 .8s
l~olll-l)]c)ccsso]  S1’Al{(ktatio]i  10 1.00 1.90 1.93 1.91

tl)c  flltllr(:.  ‘1’llis r u l e  i s  rclativc]y  e a s y  to il])])lclll(:llt. Cuil)ulatlive  (:x(cutioli

]tlailllaill(xl  f o r  cacll Inodc].  Modc]s  are ])lac(d  oIIto tjl IC lIIodcl queue iII or(lcr

c{llllulativc  cxccut)ioll tilllc to lowest.

tlit]l(~ data is

fIOIII  IIig;ll(:stl

7 Performance

‘1’IIc IIllllt,it,lllc;l(l(:(l  11SS co]ll])lctc  wi{,ll  tllc scllc(ll]l(:]  dcscril)c(l  ill tlllis  ])a])cl has  1)(:(:11 ill USC

al {1)(:  N A SA .Id l)r(q)ulsio]l  laboratory for wv(:ral  II IoIItlIs. ‘1’11(’  ])orrol’lllallcx!”  II)(!:lslll’cl  l)(’llifs

(l(~sclil)(:(l I)clow arc measures  of tjl IC 11SS rul)lli]lg  act)ual  flight  softw’alc co(l(’.  ‘J’])(:  sal]lc  s(:{;-

11)(’111 of t’llat  (X)(1(!  was CXccllkxl  ill (Xl(”ll  Case. ‘1’wo workstation ])lalfor]l)s  W(VC lIS(X1.  ‘I’l  Ic first

w a s  a  Sl)Al{Cstatioll  1 0  collfjg~lrcd  wifll two  ])roccsso]s  aIId  tlI(:  s(u)IId  was a  Sl)Al{C;StiI-

Iioll 10 c.ollfig[lrcd  witlll  four ])muxsors. ‘1’IIc  flight software co(le was IIot,  rcsid(:llt  01) citlt(:r

IIlacl)illc,  I)llt w a s  acccssd  tllrougl)  all l’}tll(:rll(:t  IIctw’olk. ‘1’llc IIcavy 11so of tll(’ Colll])llt’f:l’

lIctwoIk  lIIa(lc  (l(xlicdd  a(mss il)l])ra(:ti(:al.  1 lowcvcr,  tll(:  cxj)(:rjlllcllts  w(:]c r(:j)(~atcd severa l

tjiltl(~s  to cstal)lisl)  tyj)ical  pcrforlllallcc  llullll.)crs.

‘1’al)lc 2 sllolvs  tll  IC s])(xdu])  acllicv(xl  wit,]l tfl]c  IIlllltitl)lci((l(:{l  1 1 S S  011 tlll(: t w o  all(l folll

])roc(wsor S1’A lt(;st,at,ioll  10 ~~’[)ll{st,tlt,iolls. S])(xxlu])  is (lcfilld  II(:1(: as llIc  ratio of 111(: cx-

c(~lltjioll  tilllc  WI)(UI llSi IIF; a  Sillglc tllmld  ()\’(!]” tlIc  cxccuti(nl  tilllc WlICII usillp;  tlIc s]mificd

IIul IIl)cr  of tlllrcads.  ‘J’llc l]ul]ll)cr  of tlIrcads  usc(l I)y tllc  1 1 S S  s(:llc(l(llcr  is a valial)]c  sd ill

tllc us(’r ‘I’d illtcrfacc.

As cx])cctd,  tl)c  ]mforlllallcc  results clcar]y  SIIOW that ])(:]fo]l]l;lll(:c  is greatly i~n])rovc(l

22



Wllcll going

t!\vo fllll’cads

Ull(’x])(xhd,

f’1’olll OIIC t]ll’cad to t w o .  I1(WVCI’, little to 110 ?;aill is ltladc l)y $oil)g froIil

(0 t(lIl(:(:t 111 CaClS, cw(uI WIICII four  })roccssors” alc availal)]c. ‘1’liis  Icsult, was IIOtj

I)ccallsc  W C  IIad all’ca(ly  c.ollcctd  ])(:l’fc)l’lllal  lc(! (lat’a  01) CXccutioll  tilllcs  for (xl(l)

of IIIC (Illirty-ollc liadwarc  ~nodcls. ‘J’list ])c]follt)till((:  data clearly sl)owd  tllal tl)(’ t\v()

l) IW(WSOI I II OCICIS a(TOUIIt for a])])l[)xilllat(:ly  98% of tllc  overal l  cxccutioll  filllc.  llsillg  1])()](>

tllall  two  tlllrcads  a])d ]]10](: tlllal)  two  proc(xsors  CaII  oIIly  result  ill s])ccdu]) (Ml tllc  Icll)aillillg

2% of ijl]c Cxcculjol)  lilnc.

S(wcral  o f  tlIc  Llliri,y-ol)(;  II Iod(:ls  arc  IIot  flllly ilII])lcI  II(’IItc(l  a t  t h i s  tilllc.  ‘1’wo o f  tll(:s(:

]1]()(1(:1s  arc cxl)cdd  to requ i re  sip;lli{i(:w)t  al))oullts  of cx(~clltioll  tlilllc, Wll(’]1 tlll(w IIlo(lcls

alv iltl])l(*lllcJltc(l,  usil)g  four ])roccssors  slloul(]  I(:sultl  ill a(ldiliollal  s])c(:(l  II]),

8 Summary and Conclusions

‘1’llis  pa])cr  (l(xril)cd tlIc  dcsigl) all(l (lc\’(’lo])lll(  :lIt of a g(:llcl:I1-])lll]  )os(: lll~lltitlllc:l(lc:cl  scllc(l-

Illcr tlllat is free of dca(llods  slid  race coliditiolls.” ‘1’11(:  tcclllli(]ucs  fol

races ])r(w]ltcd llcrc  call l)c a])])li(d  to O{jllc] IllIIli$iilil(*:t(lC(l  f)ro~;ralll

al’oidillg  dca(llock  all(]

dcsigll  cfl’orts.

It w a s  s(!cII tllIat)  LIIc  ])crfonna]lcc  of tlIc  Cassilli 11SS is  grcatl]y illl})rovcd  })y a llIIIllfi-

tlIwa(l(~(l i] l~]~lc:] t]c]]tatiol~. (Jsillg  two  tl]rca(]s  results ill a S]) CC(lUI)  of’ 1.9011 a four-  ])IW(W)I

\l~oll(sfzll$ioIl”. IIowcvcr, using; a(lditio]lal  tlllrcads  r e su l t s  jll little additliollal  sl)cc(lu]). ‘1’llis  js

l)ecaus(!  {111(:  two l)roccssor  ltlo(l(:ls  ac(:oullt  for JK2iIly  all of t,l]c 11SS cxccut,io~l ti)i)c.

II 1()(1 CIS l)cccnr]c  fully  iltlplcll)clhxd,  wc Cxl)cctlcd SC(: a(]ditiollal  a])])  rcciablc  s])mxlu])

foil r tllwads.

As otl)(:r

for u]) to

Altllougli  tll(:  cIInwIt  Cassilli  sill~ulahl  cxc(:utioll  ti~llc is 1(:ss t]lall tl]c real-iilllc (wc(utioll

011 tjl)(: s])a(:ccraft,  w c  arc col~iil)uillg to lnakc ill)l)lO\~(’lllcIlts. \l~OI’li is C(ll’1’(!l  ltl~ llll(lCY\Va~

{() sip,llificalltly  rcdllcc tll(: ])roccssor  lllodcl  (:xccutio]l  till )( tllrollgll  o])till )izatio]l  of tll(: (.(){ 1(’

all(l tllrollgll  tllc a])l)li(:ati(nl Of l)lOcl{  o])tili)izatioll  of tllc  flight softwrarc. It, is cxj)ccl,c(l tl)at

Ill(w Cq)tlilllizatiolls  wjll l)ri]lg tl]c  Cassilli 11SS  l)(:lfolll)illl((  to as ]ll~l(:li  as s(\7cII ti]llcs fastc]
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t!llall 1(711 tlill)c.

.4 ci?~oiol(dg~~~(?)is:  ‘1’lIc aIItlIoIs  gratcfull-y  ackllowl(dgc J(:fl’ NcslI(:iwat  aIId tlIc (I Iii I(: 11 SS

t,(a]]) at) NASA.
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